Thermal effects and dynamical hysteresis in VCSELs under dc modulation have been experimentally studied. The results show that the VCSEL turn-on and turn-off currents can display both positive hysteresis and negative hysteresis, depending on the current modulation frequency and on the substrate temperature. Numerical simulations of semiconductor laser rate equations, extended to take into account thermal effects, show a good agreement with the observations. © 2010 Optical Society of America OCIS codes: 140.5960, 250.7260.
Directly modulated, long-wavelength VCSELs are attractive components for the fast-growing market of highspeed optical communication systems [1] . VCSELs have many advantages compared with edge-emitting lasers, such as low cost, compact size, low threshold current, circular output-beam profile, and wafer-scale integrability, but in contrast to 850 nm VCSELs, long-wavelength VCSELs have a relatively large spectral detuning between the gain and the cavity resonance at room temperature [2] . This results in increased temperature sensitivity, which can have an impact on the performance of directly modulated devices [3] .
A recent numerical study [4] has shown thermally induced hysteresis on the laser switch-on and switch-off points, which depends on the relationship between two time scales: that of the current modulation, which results in dynamical hysteresis [5, 6] , and that of thermal dissipation, which is an additional source of hysteresis that can give either positive or negative [7, 8] hysteresis cycles. In positive cycles, the laser turns on at a higher current value than it turns off; in negative cycles, the turn-on occurs at a lower current value than the turn-off. Temperature-induced hysteresis depends on the current modulation frequency: if the modulation is too fast, thermal effects do not have time to act; and if the current modulation is too slow, the dynamics are quasi-static and thermal equilibrium is reached before the bias current changes appreciably.
The aim of this Letter is to study experimentally and theoretically the influence of the current modulation frequency and the substrate temperature on the VCSEL threshold current and gain a better understanding of thermal effects in VCSELs. The experimental results show that the hysteresis of turn-on and turn-off can be positive or negative, depending on the current modulation frequency and substrate temperature, in good agreement with the numerical results [4] . Numerical simulations that are in good qualitative agreement with the experiments are also presented and allow for a better understanding of the interplay of the time scales of current modulation and thermal dissipation.
In the experiment, a VCSEL with lasing wavelength of about 1550 nm was used. It operates on a single longitudinal and transverse mode and exhibits no polarization switching within the current operating range. The VCSEL was driven by an ultra-low-noise current source and was temperature controlled to within 0:01°C. A triangular direct modulation signal was added to the VCSEL through the current source. The dc bias current was set at 4 mA and the modulation amplitude was 3:7 mA, so the bias current was scanned from 0.3 to 7:7 mA. The output of the VCSEL was collimated by an antireflection-coated laser diode objective lens. The orthogonal polarization components of the VCSEL were divided by a half-wave plate and a polarization beam splitter. Two optical isolators with more than −40 dB isolation were used to prevent feedback into the VCSEL. The output of the orthogonal polarizations was recorded simultaneously by 1 GHz bandwidth detectors and stored in a 4 GHz bandwidth digital oscilloscope. Figure 1 displays the light-current (L-I) curve when the current modulation frequency is 10 kHz and the substrate temperature is 10°C [ Fig. 1(a) ] and 60°C [ Fig. 1(b) ]. In spite of the fact that VCSELs often display polarization switching when the pump current varies, the device employed in these experiments operates in a single stable linear polarization within the experimental operating range; therefore, only the output of that lasing polarization is plotted. The black curve is for increasing current and the gray curve (red online) is for decreasing current. The insets display in detail the threshold current. It can be seen that the threshold with increasing current, termed the turn-on threshold, I on , does not overlap the threshold with decreasing current, termed the turn-off threshold, I off . There is hysteresis between I on and I off : in the case of low substrate temperature, I on > I off (this type of hysteresis is termed positive hysteresis); in the case of high substrate temperature, I on < I off (this type of hysteresis is termed negative hysteresis). Figure 2 shows the turn-on and turn-off currents as a function of the substrate temperature for various modulation frequencies. It can be noticed that both I on and I off increase with the substrate temperature, but the rates of variation are different-except for the slow 1 Hz modulation frequency, in which these are equal within the operation range of substrate temperatures and correspond to the static threshold current. A parabolic-like dependence of the static threshold with the substrate temperature can be observed, in good agreement with previous experimental and theoretical studies [9, 10] . When the modulation frequency increases to 1 kHz, as shown in Fig. 2(b) , I on and I off show hysteresis at substrate temperatures higher than 30°C. It is apparent that I on < I off ; thus, there is a negative hysteresis cycle. When the modulation frequency is between 5 and 20 kHz, as shown in Figs. 2(c)-2(e), I on > I off (positive hysteresis) at low substrate temperature and I on < I off (negative hysteresis) at high substrate temperature. With further increase of the modulation frequency to 100 kHz, I on and I off show only positive hysteresis, I on > I off . Figure 3 shows the size of the hysteresis cycle as a function of the modulation frequency for different substrate temperature. It is seen that the curves have similar trends for all substrate temperatures. For lower modulation frequencies, there is no clear hysteresis between the turn-on and turn-off currents. When the modulation frequency is increased over a certain value, I on − I off decreases and becomes negative. With further increase of the modulation frequency, I on − I off grows and becomes positive at high frequency.
The hysteresis of I on and I off can be explained as due to the interplay of current modulation and thermal effects. Current modulation results in dynamical hysteresis [5, 6] , and the temperature variation is an additional source of hysteresis. For 50°C and 60°C substrate temperature, when the modulation frequencies are 1 and 5 kHz, these combined effects result in negative hysteresis. As will be further discussed below, this occurs due to the fact that, because of the heating of the device, both the gain peak wavelength, λ g , and the cavity mode wavelength, λ c , redshift, but their redshift rates are different. Thus, I on can either decrease or increase with respect to the static threshold, depending on the relation between the thermal dissipation rate, the current modulation frequency, and the rates of variation of λ g and λ c . When the modulation frequencies are increased up to 100 kHz, then slowly responding thermal effects do not have time to act and only positive dynamical hysteresis is observed.
The rate equations for a semiconductor laser, incorporating the dynamic variation of the temperature of the active region are [4, 10] 
where E is the complex slowly varying optical field, N is the normalized carrier density, and T is the active region temperature. Other parameters are linewidth enhancement factor α, the coefficient of spontaneous emissions β sp , the field decay rate k, the carried decay rate γ N , and the normalized injection current μ ¼ KðI=I 0 − 1Þ, where I is the bias current, I 0 is the current needed to reach transparency, and K is a dimensionless constant. In the temperature equation, γ T takes into account the decay rate to the substrate temperature, T s , and Z and P represent nonradiation recombination heating and Joule heating, respectively. The gain coefficient, g, is a Lorentzian in the frequency space, gðω; TÞ ¼ g 0 ðTÞ= f1 þ ½δðTÞ − ω 2 =Δω 2 g ðTÞg, where δðTÞ ¼ ω g ðTÞ − ω c ðTÞ is the gain-cavity offset, ω ¼ Imð _ E=EÞ is the slowly varying optical frequency, g 0 ¼ T 0 =T is the gain peak, and Δω g;0 ðT=T 0 Þ is the gain bandwidth, with T 0 being the reference room temperature [4, 10] .
The model equations were integrated with typical parameters appropriate for a 1550 nm VCSEL: the room temperature gain-cavity offset,
, and all other parameters as in [4, 10] . The size of the hysteresis cycle versus the modulation frequency at three values of the substrate temperature is displayed in Fig. 4 , and one can notice that there is a qualitatively good agreement with the experimental observations.
In conclusion, thermal effects and dynamical hysteresis in the turn-on and turn-off of directly modulated VCSELs were studied experimentally and numerically. The hysteresis can be explained in terms of the interplay of dynamical hysteresis (due to current variation), thermal dissipation, and device heating, which is an additional source of hysteresis because of the redshift of both gain peak and the cavity resonance with increasing temperature. At high substrate temperature, the interplay of these effects can give negative hysteresis in a certain range of modulation frequencies; at low frequencies, the dynamics are quasi-static and there is no hysteresis, and at high frequencies, slow thermal effects do not have time to act and there is only normal dynamical hysteresis.
Our results are relevant, as they provide a complete picture of the various time scales on which heating effects come into play and affect the device performance. A good understanding of thermal effects is important not only for low-frequency modulation of VCSELs but also at high frequencies, where the first-order response function has a cutoff frequency [11] that cannot be explained by models that only take into account the laser fast time scales (the photon and carrier lifetimes). We have compared the observations with the results of a rate-equation model that, in spite of using a simple expression for the optical gain and neglecting spatial effects (carrier and temperature diffusion), allows for a good understanding of thermal effects in a straightforward way, with a great reduction of computational time as compared with detailed microscopic models. Fig. 4 . Numerically calculated size of the hysteresis cycle, I on − I off , versus the modulation frequency at three values of the substrate temperatures.
